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DIRECT=UREM3NTS OFSKINFRICTION

By SatishDhawan

SUMMARY

A devicehasbeendevelopedtomeasurelocalskinfrictionona
flatplatebymeasuringtheforceexertedupona verysmallmovable‘ I
partofthesurfaceof.a flatplate.Theseforces,whichrangefrom
about1 milligramto shout100milligrams,me-measuredby meansof a
reluctancemeasuringdevice.Theapparatuswasfirstappliedtomeasure-
mentsin’thelow-speedrange,bothforlaminarandturbulentboundary
layers.Themeas=edskin~frictfon

.. mentwithBiasiua’andVo-nI&&n’s
tohigh-speedsubsonicflowandthe
weredeterminedupto a Machnumber
supersonicflowwerealsomade;

Thepayer
theresultsof

.Anobject

describesthedesign
themeasurements.

coefficientsshowexcellentagree-
results.Thedevicewasthenap@ied
turbulent-skin-frictioncoefficients
ofabout0.8. A fewmeasurementsin

andconstructionofthedeviceand

INTRODUCTION ,,

movingthrougha fluidexperiencesa dragforcewhichcan
be decomposedintopressuredragandskinfriction.Thisdivisionis
thesamewhetherthebodymoveswithsupersonicor subsonicspeeds.At
present,wavedragandinduceddragareby farbetterunderstoodboth
e~erimentallyandtheoreticallythanskinfrictionandboundary-layer
separation.Thisisparticularlytrueforsupersonicvelocities,but .
itisalsocuriouslyenoughtruethatexperimentalinvestigationsof
skinfrictioninthesubsonicrangeandin incompressiblefloware
exceedinglyrare.

Recentadvancesinthedesignofhigh-speedaircraftandmissiles
haveshownthata moreexactknowledgeof skinfriction(andheattrans-
fer,whichisrelated)isof greatimportance.Theoryofthelaminar
boundarylayerdndof laminarskinfrictionbothinlow-speedandhigh-
speedflowhasbeenworkedoutto a considerableextentinthecourse
ofthelastdecade.In spiteofthelackofdetailedexperimentson
laminar skin
areadequate

friction,it is
andtrustworthy

generallyfeltthatthetheoreticalresults
up toMachnunibersoftheorderof 4.

. ... . .. . ..._— .= .------- . . . . . —. .-—------ —-.-—- - . ... . . ----- .-.-—. — - . .—-.-.--—— -. --
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Beyondthisrange,forhypersonicvelocities,neweffectssuchasdis-
sociation,variablePrandtlnumber,andsoforthappearandthepresent
theorydoesnotseemtobe adequatelyexplored.

.,

Turtmlentskinfriction,ontheotherhand,presentsa muchmore
seriousproblem.Theunderstandingofturbulentshearflow,evenin
incompressibleflow,isinadequateanditisatpresentnotpossibleto
formulatea completetheorywithoutrecourseto empiricalconstants.
Evenifitisassumedthatlow-speedturbulentskinfrictionisknown,
sayfromVonK&&n’s lo@rithmiclawswithempiricallydeterminedcon-
stants,thequestionofhowto continuetheselawstohighvelocities
andto supersonicflowarises.Thisquestionwasfirstdiscussedby
VonK&n& inhisVoltaCongresspaperin1935(reference1)andhas
sincethenattracteda largenumberof investigations,forexample,by
l%anklandVoishel(reference2),Ferrari(reference3), VanDriest
(reference4),Li andNagamatsu(reference5), andsoforth.Thenet
resultofallthesetiveatigationsisa setof curvesof skinfriction
againstMachnumber(atconstantReynoldsnumber)whichareboundedby
VonK&m&fs resultsforincompressibleandcompressibleflows.That
is,thegeneraltrendisa decreaseof skinfrictionwithMachnumber
as inlaminarflow.However,thisdecreasemaybe largeror smaller
dependingupontheassumptionsmadeintheanalysis.Noneofthe
assumptionsmadehavea theoreticallyconvincingreason,becauseof the
presentlackoflmowledgeofturbulentflow. Itturnsoutthat
VOnK&&n’s originalassumption,lThichisalsothesimplest,givesso
farthelargestdecreaseinskinfrictionwithMachnumber;forexample,
theratioof compressibleto incompressibleskin-frictioncoefficientat
a Machnumberof2,anda Reynoldsnuniberof 1,000,000isapproxhnately0.66
accordingtoVonKarm&ne

Hence,itisevidentthatthedifferencesbetweenvarioustheories
areanythingbutminor.Infact,thedifferencesatMachnumbersofthe
orderof2 aresolargethatperformancecomputationsbasedupontheone
ortheotherofthetheoreticalskin-frictioncoefficientsresultin
verylarge,andsomettiesdecisive,differences.Itisclear,therefore,
that,besidesthefundamentalinterestinturbulentboundarylayers,the
determinationofhigh-speedskinfrictionisofparamounttechnical
tiportancetoday.

Thepresentinvestigationwas
an instrumentcapableofmeasuring
programconsistedoffourparts:

undertakenwiththeaimofdeveloping
skinfrictioninhigh-speedflow. The

(a)A surveyofpossiblemethodsof determiningskinfrictionwith
theaimof selectingthemostpromisingoneforfurtherdevelopment.The
resultofthisstudysuggesteddirectmeasurementoflocalskinfriction.
Thisiscarriedoutbymeasuringtheshearforceexertedupona small
movablepartofa solidboundaryby meansof a reluctancepickup.
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(b)Thedesignandconstructionofthedevice,ticludingdetailed
studiesofnecessarytolerancesandsensitivities.

(c)Theapplicationofthedeviceto skin-frictionmeasurementsin
incompressibleflowwheretheresultscanbe compared,bothwithmeasure-
mentsby othermeansandwiththeory.

(d)Themeasurementof skin-frictioncoefficientsinhigh-speedand
supersonicflow. .

Thesecondpartof (d)was,unfortunately,notcompletelyaccomplished. .
Onlya fewmeasurementsinsupersonicflowwithdoubtfulflowconditions
werecarriedout. Thisisduetopurelyexternalreasonsandnotdue
to a failureofthedevice.Themainaimoftheinvestigationwasthe
developmentoftheapparatus,a determinationof itsaccuracy,anda
demonstrationof itsapplicability.

ThisworkwasconductedatWIT under~hesponsorshipandwith
thefinancialassistanceoftheNationalAdvisoryCommitteeforAeronautics
aspsx’tof
speeds.
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a long-rangeinvestigationofboundary-layerphenomenaathigh

SYMBOLS

localskin-frictioncoefficient

localskin-frictioncoefficientinincompressibleflow

Blasiusvalue

Cf
o

specificheat

specificheat

enthalpy

forlocalskin-frictioncoefficient

at constantpressure

at constantvolume

ratioof displacementtomomentum

ratioofdisplacementtomomentum
flow

thickness(8*/e)

thicknessincompressible

. - . . . -- ..—-----.—.-—-—- - - . — —- -R .- ~— ..- . - ..—— .——-— - . . ..—— .— —



4

Hi

M

Ml

‘P

PO

P.‘

Pr

q

%

R

R

T

‘1

To

Tw

u

%

u

( )~

v

x

NACATN 2567

ratioofdisplacementtomomentumthicknessinincompressible
flow

localMachnumiber

free-streamMachnumber -

localstaticpressure

totalh;ad(impactpressure)

localtotalhead

Prandtlnumber
()
Wp
T

-C pressureoffreestream()
$=$

heatflowperunittimeperunitareathroughsurface

gasconstant

()Reynolds number ‘!!
v

statictemperatureoffluid

statictemperatureatoutsideedgeofboundarylayer

stagnationtemperature

walltemperature

velocitycomponentinboundarylayerparallelto surface.

effectimvelocityobtained

<velocityatoutsideedge

valueatwall

outputoftransformerin

coordinatealongsurface

of

fromStantontubereading

boundarylayer

volts

ind3rectionofflow

— ——— ~— —— .. ___ . . . . . . . .. . —_— .. -- —. .—-.. _ —. .- .—
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P

v

E
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coordinatenormalto surface”

ratioof specificheats (+v)

boundary-layerthiclmess

displacementthickness

heightabovewall

dimensionlesscoordinatenormalto surface“

momentumdefectthickness

momentumdefectthicknessinincompressible

heatconductivityoffluid

coefficient-ofviscosity

kinematiccoefficientofviscosity(p/P)

coordinatealongsurfaceinvicinityof gap

fluiddensity

( l’)yR

flow

Pl fluiddensityat outsideedgeofboundarylayer

Pm fluiddensityofuniformflow

‘o shearingstressat surface(skinfriction)

EXPERIMENT!4LMETHODSOFSKIN-FRICTION~

Undertheassumptionof continuumflowandno slipatthesolid
surfacetheintensityof skinfrictionTo at anypointon a solid
surfaceina flowinggasisgivenby

,

(),

&
‘o=~—

h Y@
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where“

v coefficientofviscosity

u velocitycomponentinboundarylayerparallelto surface

Y coordinatenormalto surface

Fortheflowof ga~esattemperaturesandpressuxesatwhichthemean
freepathsofthegasmoleculesaresmallcomparedwiththephysical
dimensionsofthesystem,theslipatthesolidboundaryisnegligible.
Thefollow= discussionswillapplyto caseswheretheseconditions
arerealized.

Theaboveexpressionforskinfrictionisvalidforlaminarand,
becauseoftheexistenceof’thesublayer,alsoforturbulentboundary
layers.Ingeneral,experimentalattemptsatmeasurementoftheskin
frictionmaybe classifiedintotwomaintypes:

(a)Thosewhichendeavorto determinethecomponentsoftheright-
handsideoftheaboveequation

(b)Thosewhichrelyon a bulkmeasurementof
itseh?,or someotherphysicalquantity

,,

theskinfriction
relatedto it

SkinFrictionby Velocity-fiofileMethod

Inthefirsttypeofmeasurementthephysicalquantitiestobe
measuredaretheviscosityy andthevelocityintheboundarylayeru.
Kinetictheoryandexpertientindicatetheviscositycoefficienttobe
a functionoftheabsolutetemperaturealone.Thusa localmeasurement
ofthewalltemperature(with,say,a sensitivethermocouple)issuffi-
cientto define(v)@. Themeasurementofthevelocityasa function
ofthenormalcoordinate.y is,however,a morecomplicatedprocedure.
Measurementofthelocalvelocityinmovingfluidsisextremelydif-
ficultanduptothepresentthe noreallysatisfactorydirectmethods
existforapplicationtotheobservationofhigh-speedflows.Theonly
knownpublishedmeasurementsof localvelocityof interesttofluid
mechanicsarethoseofFageandTownend(reference6) who.usedan
ultramicroscopewitha rotatingobjectiveto observeboundary-layer
flowina waterchannel.Formostaerodynamicinvestigationthelocal
velocityisnotfounddirectlybutrelatedquantitieslikedynamic
pressure,massflow,density,andsofortharemeasured.To obtain
velocityfromsuchmeasurementsonerequiresadditionalinformation
abouttheflow.

.-

.

-—-. . ..——_-—__
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Forexample,considerthethreemostextensivelyusedinstruments,
thepitottube,thehot-wireanemometer,andtheinterferometer.In
orderto obtainvelocityfromthereadingof a pitottubeonemustbow
thelocalstaticpressureanddensity.Forthehot-wireanemometerthe
localdensityisrequired,whileinformationaboutthelocaltemperature
isnecessaryfortheinterferometer.Inthecaseoftheboundarylayer,
theoreticalconsiderations,borneoutby experiments,showthatthe.
variationofpressurenormaltothesurfaceisnegligible.Onthis
assumptiontheexperimentaldeterminationof staticpressureinthe
boundarylayerissimplifiedto a localmeasurementonthesurface.
(Sincethepressureismeasuredatthewallanditsvariationis small
the,assumptionof constantp throughtheboundarylayerintroduces
onlysecond-ordererrorsina skin-frictionmeasurement.)However,for
tlieinstrumentsmentionedabove,foreachdeterminationofvelocityone
wouldstillhavetomakeatleastoneadditionalmeasurementapartfrom
thereadingoftheinstrumentitself.

Indeterminingskinfrictionfromtheslopeatthewallof a measured
velocityprofile,errorsinmeasurementoftheprofiledirectlyaffectTo.

A methodwhichisnotsosensitivetotheportionofthevelocityprofile
intheimmediateneighborhoodofthewallisprovidedinprincipleby
Vonl&m&’s momentumintegral.Thebasicconsiderationunderlyingthis
isthefac’tthatthefrictionalforceonthesurfacemustappearas a
momentumdefectintherestoftheboundarylayer.Forthecaseof steady
two-dimensionalflowput a flatsurfaceoneobtains

where P1 and U arethedensityandvelocityjustoutsidetheboundary
layerand 19and b aredefinedby:

e momentumdefectthiclmess(~~~ -:)dy)

6 displacementthiclmess
(~~-~)+

and x isthecoordinateinthedirectionoftheflow. Severalprofiles
intheregionofdeterminationof To wouldnowhavefo’bemeasuredso .
thatthederivativeof e withrespectto x canbe found.WS method,
whilenotsensitiveto errorsin u closetothewall,involvestheadded

-------- ———. . .. .—- .- ...—. . —-. --- -..—-.-—.-. ——. ... . . . ... . . .—--- . ——.—. —— -
b~:”
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complicationofknowingU, PI,and 0 asfunctionsof x. Itsappli-
cationismorepracticalinthecaseofuniformflowpasta flatplate
whenthepressuregradientinthex-directionisalsozeroandtheabove
expressionisreducedto

The
the

To de—= .
Pji2 M

useofthismethoddoesnot,however,elhinatethedifficultiesin
determinationofvelocityfroma pressureormomentummeasurement.

Noteson WtrumentsUsedinMeasmement

ofVelocityProfiles

Pitot(ortotal-head)tube.-Thespecializedformusuallyusedfor
boundary-layermeasurementsconsistsof a smallboretube(oftheorder
of0.05-in.diam.)withitsmouthflattenedouttoforma narrow
rectangularopening.Theimpactpressureatthemouthisproportional
to PU2 andisusuallymeasuredon a mercuryoralcoholmanometer.As
mentionedbefore,inorderto obtainvelocityfromthereadingof such
an instrumentoneneedsa lmowledgeofeitherp or T. Fornondis-
sipativeflowswithspeedsbelowthespeedof sound,theassumptionof
isentropicdecelerationatthetubemouthiscloselyfulfilledandthe
velocityu isrelatedtotheimpactpressurep by

w U+pTo~-f@
where

To stagnationtemperature

P localstaticpressure

CPy.—,
Cv % ‘d + beingtk

andconstantvolume,
specificheats
respectively

atconstantpressure

W stagnationtemperatureTo maybe measuredat someconvenient
referencepointintheflow,forexample,inthecaseof a windtunnel,
inthereservoiror settlingctiber. At supersonicspeedsa shockwave

\

1.

.,,

.

.——. .— .—---—— ——.. —.:._— . ———.—_ —— - . —
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appearsinfrontofthetubemouthandtheentropylossthroughthis
mustbe tskenintoaccount.By assumingtheshapeofthe shockwaveto
be sfraightandnormaltotheflowdirectionthevelocitycanstillbe
calculatedby useofthewe~-knownRayleighpitot-tubeformula

1

where M isthelocalMachnumberjustaheadof-thetube(infrentof
theshockwave) and PO’,theimpact-pressurereadingofthetube(behind
thenormalshockwave). Thetwopitot-tubeformulasbecomeidentical
at M=l.

Fora skin-frictiondeterminationwitha pitottubeonewouldthen
havetohow thefollowing:

(a)Theimpactpressureindicatedby
withintheboundarylayer

(b)Thestaticpressureatthepoint

.

thetubeas a functionof y

ofmeasurement

(c)Thetemperaturedistributionintheboundarylayer

By assumingthetotaltemperaturetobe constantthroughthebound-
arylayerthetemperaturemeasurementisverymuchsimplified,butsuch
anassumptioncausessomeerrorinthevalueoftheshearingstress.
Thisassumptionamountsto tskingthevalueofthePrandtlnumber

Pcp
Pr=— = 1. SinceforactualgasesPr< 1 (forairO.724)theerror

k
isnotlargeat lowspeedsbutincreasesrapidlywithincreasingMach
number.,An approximateestimateoftheerrorin To causedby suchan
assumptionmaybe readilyobtained.Forpointsintheboundarylayervery
closetothewalltheflowmaybe considered-incompressiblesothatthe
pitottubereads h = p + * puz, Thepressurep ismeasuredonthe

surfaceandisapproximatelyconstantthroughtheboundarylayer.From
this

.

.—. ..— . .. . ..- . ..—. —.— .-. .— .—~ — —. -— ...-. —.—.— .
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c,

()hFor Y-O, ~- 1 a O andthesecondtermontheright-handside

isnegligibleascomparedwiththefirst.Therefore,forsmallvalues .

of y

Also,theviscositycoefficient

sothattheshearstressatthe

To =

isapproximately

V=m

wall

Now

$Tw = TQ - F(Pr)—
25

.

1/3 fortwbu.lent1/2 forlaminarand Prwhere F~pr) isnearQ pr
bound~.layers.Hence,by using ‘Iw= To theshearingstresswould
be directlyinerror.Forthetypicalcaseof an insulatedflatplate
at M % 1.5 thiserrorwouldamountto approximately5 percent.At
higherMachnymberstheerrorswouldbe even~eater.

Itisinterestingtonotethehprovementinaccuracyifanactual
measuredvalueofthewalltemperatureTw isusedforthedetermina-

tionof To. 1Theerrorsin @ duetotemperaturearepractically
dyw

eliminated.
1

ThemainHmitationnowisinthedeterminationof ~
@ w“

Becauseofthefinitesizeofthepitottube, h cannotbemeasured
rightuptothewall.Anothererrorintroducedby thefinitesizeof
thepitottubeinboundary-layermeasurementsisdueto thetransversal
total-pressuregradientintheboundarylayer.Theaverageindicated
by thetubedoesnotcorrespondtothevelocityatthecenterofthe
tubebuttothatat somepointwhichisshiftedfromthecentertowards
theregionofhighervelocity.Ina~measurementofthevelocityprofile
ina givenboundarylayer,thiserrorisemphasizedforpointscloseto
thewall.Fora tubewitha rectangularopeningof0.005inchthisshift

.

—.. ..—. —
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du~
isoftheorderofO 001inchina velocitygradient— -

m
106feet

persecondperfoot(representativeofa typicallaminarboundarylayer
atMachnumberof approxtiately1.4andReynoldsnumber,basedona
lo-cmlength,of106). Inactualusetheshiftcanbe approximately
accountedfor(seereference7 fordetails).

Stantontube.-TheStantontubeisa modificationofthepitottube
whichgivesan indicationof“theshearingstresson a surface.Itcon-
sistsofa smalltubewitha holeinitsside(seesketch).Thetube

h u
.

I

projectsa smalldistance(oftheorderof 0.005in.)fromthesurface
onwhichthefrictionistobemeasuredandtheopeninginthesideof
thetubefacesthedirectionofflow.Theendof thetubeisground
flatto forma-razor-sharplipwiththeopening.Fora distanceG
verycloseto thesurface(thiswouldhavetobewithinthelaminar
sublayerinflowswithturbulentboundarylayers)onehasapproximately

where Ue istheeffectivevelocitycorrespondingtothetubepressure
readingandthesubscriptw denotesconditionsatthewall. The
surfacetubemaythusbeusefullyemployedforindicationsof changes
in TO (seereference8 forexampleofuse).Howeyer,becauseof the
unprecisedefinitionofthequantityUe asmeasuredby thetubeandthe
extremesensitivityto e,theheiglitofthetubeabovethesurface,this
methodisnotrecommendedforabsolutemeasurementof To.

.

1

..— .— .. . . —.--—..————— —— -__ . —.. .——— .—. ..--.——— —-. -..—-- - —
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Hot-wireanemometer.- Thehot-wireanemometerdependsforits ‘
measurementofvelocityontheheatlossfroma verysmalldiameter(of
theorderof0.0005ti~)wirewhichisheatedelectrically.Fora
giventemperaturedifferencebetweentheheatedwireandthesurrounding
airtheamountofheattransferredisproportionaltothesquarerootof
themassflow PU. W orderto findthevelocityu fromthemassflow
onemust’knowthedensityP. Forthemeasurementofmeanvelocityin
boundarylayersatlowspeeds,wheretheeffectsof compressibilitycan
be neglected,thehot-wireanemometerisusedas a calibratedinstru-
ment. Thecalibrationisperformedundercontrolledconditions,for
example,ina windtunnelwitha luwturbulencelevel.Inthisrange
thesensitivityandaccuracyofthisinstrumentarewell-established.
At highspeedsthelawofheattransferdeviatesconsiderablyfromthe
oneat lowspeeds.Inprticular,theeffectsoftemperatureand
densitygradientsonthereadingoftheinstrumentundertheseconditions
arenotyetestablished(seereference9 forsomerecentworkonthis
subject).Sincea hot-wirehastobe calibratedunderconditionswhich
cannotbe exactlyreproducedduringboundary-layermeasurements,such
effectsmaycauselargechangesinthecalibrationconstants.Until
thebehaviorofhot-wiresinhigh-speed,particularlysupersonic,flow
iswell-established,it isfeltthatthisinstrumentisunsuitablefor
precisemeasurementsofboundary-layerflowathighspeeds.

.

Interferometer.-Thisinstrumentmeasuresdirectlythechangein
densitywithreferenceto someknownvalue(seereference10foran
accomtofthetheoryofoperationofthisinstrument).Sincethe
interferometerleavestheflowundisturbed,it seems,atfirstsight,
tobe theidealinstrumentfortwo-dimensionalboundary-layermeasure-‘
ments.Thereare,however,seriouslimitationsto itsuseforsuch
work. Thesearedueto:

(a)Errorsarisingfromtherefractionofthelighttraversing
theboundarylayer

(b)Presenceof side-wallboundarylayersinwindtunnels

(c)Transversecontaminationoflaminarboundarylayers

Theerrorsduetorefractionarequitecomplex.As a rayof light
traversestheboundarylayer,ittracesa curvedpathinsteadofa
straightonebecauseoftheexistenceof densitygradientsinthe
boundarylayer.Thustwotypesof errorsareintroducedasa resultof
refraction.Thefirstisintheopticalpathlengthoftherayandthe
second,inthepositiontowhichtheindicateddensitycorresponds.
Furthererrorsresultfromthefactthatbecauseofrefractiona ray
of lightwhichentersthe’tunnelatrightanglestothesidewallleaves
thetestsectionatan angleto theexitwindoworwall. Thiscauses

.— . —— ..—. —-.—
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refractionthroughthewindow,sothatthelocationoftheapparent
originoftherayisfurtherinerror.A morecompletediscussionof
theseerrorsmaybe foundinreferences11 and12. It issufficientto
noteherethatinvestigationsofthemagnitudesoftherefractionerror
showthattheindicateddensityprofilesinboundsry-layermeasurements
with’aninterferometermaybe inerrorto theextentof approximately
10percent.

Thesecondlimitation,thatofthepresenceoftunnel-wallboundary
layers,affectsthemeas~eddensitysincetheinterferometerbeamtrav-
ersesboththewallde-hsityfieldaswe12astheonebeingstudied.
Onemethodofminimizingthiserroristopassthereferencebeamof
theinterferometeralsothroughthetestsectionandthuscane’elthe
effectofthewallboundarylayers(reference13).

Thethirdlimitationisofprimaryconsequenceinlaminar-boundary-
layermeasurements.Itiswell-known(reference14)thatexternaldis-
turbancescancausetransitionof laminarflowto theturbulent-type.
Observationsof laminarboundarylayersonflatplatesshowthatbecause
oftransversecontaminationofthesidesthereare,alwaysregionsof
turbulentflow.Againtheinterferometerbeamintegratesthedensity
intheseregionsaspartofthelaminarboundarylayerandhencegives
erroneousindications. .

I
.

Theabovediscussionshowsthataccuratemeasurementofdensityin
a boundarylayerwithan interferometerisfsrfromsimple.Approximate
methodsof correctionhavebeendevisedby vsriousworkers(references1.1,
12,andls). Itis.feltthatthetechniquessofardevelopedue inade-
quate,particularlyfortakingtheratherseriousrefractionerrorinto
account.Inadditionto thesedifficultiesinthemeasurementof density
onestillhasthebasicproblem,mentionedbefore,ofobtainingvelocity
fromthereadingoftheinstrument.~owing p,onestillneedsthe
distributionofthestatictemperaturethroughtheboundarylayerfora
calculationof u. Onemayproceedtousetheoreticallycalculated
temperaturedistributionsin.theboundaryla~r (forexample,inrefer-
ence16)oralternativelyusea pitottubeto supplementtheinter-
ferometer.Inthisconnectiontheuseofa.total-headtubeisconsidered
tobe an hrprovementoverthefirstmethodof assumin~theoreticaldis-
tributionsoftemperatureintheboundarylayerandusingtheinter-
ferometerasa primarymeasuringinstrument.Thereadimgora pltoz
tube(apartfromerrorsdueto finitesize)isproportionalto pu2 and,
forallpracticalpurposes,isindependentoftheoreticalassumptions.
Hencethis,withan accurateindependentmeasurementof p, shouldgive
a fairlyreliabledeterminationofthevelocity.

. ..-. ——.--—. —. ..--. —., . . .._ ——.y— ___ ——. — —--.— —_— ——— -...-—— ,—----
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MeasurementofSkinFrictionby DirectMethods

Theprecedingdiscussionsshowthatexperimentaldeterminationof
skinfrictionby theindirectmethodofvelocity-distributionmeasure-
mentinthin@oundsrylayersissubjecttomanyerrors.Theshearing
stressTo has tobe determinedby differentiation,eitherofmeasured
velocityprofilesorof slowlyvaryingparameters(thelossofmomentum
intheboundarylayer).Evenwhenthequantitiestobe differentiated
arethemselvesmeasuredcomparativelyaccuratelytheresultdofdiffer-
entiationcanbe qyiteinaccurate.

.

.

Thesecondtypeof skin-frictionmeasurement,relyingona direct
orbulk’measurement,maybe performedin

(a)By a heat.transfermeasurewnt

(b)By a direct-forcedetermination

principleintwoways:

Skinfrictionby heat-transfermeasurement.-Thefirstmethoddepends
onReyaoldslanalogybetweenthetransportofmomentumandthetransfer
ofheat. ~% istheheatflowperunittimefroma unitareaofthe
surfaceand k istheheatconductivityof,thefluid,then

-

()
~=k~

.& y==

where T isthelocaltemperature.Theanalogywiththeexpressionfor
theintensityof skinfrictionisatonceapparent.Forthecaseoftwo-
dimensionalflowwiththeW@itl nmiber’~v#c = 1 thetemperatureT

isa parabolicfunctionofthevelocityu alone.In sucha casethe
heatflow ~ andthewallshearingstressTo maybe explicitly
relatedby anexpression(reference17)oftheform:

% ‘1 k
0 [

~M12 -
(1

Tw
—= ——

u 1
To y=o q- ,

where

T1

Tw

u

temperatureoffreestream

walltemperature

velocityoffreestream

Machnumberoffreestream

- -.—_.—
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Intheaboverelationassumptionsof laminarflowandequalorders
ofmagnitudefortheviscousandthermalboundarylayersareinherent.
It iseasilyseenthatestimatesof skinfrictioncanbeobtainedby
measurementof ~ andtheotherquantitiesinvolved.Forcaseswhen
thePrandtlnumberdiffersfromunitybutisconstantandtheflowis
turbulent,similarrelatiombetweentheheattransferandtheskin
frictionmaybe derived(reference18). Theserelations,however,are
notexactand,althoughtheydo indicatetheexistenceofa relation-
shipbetween~ and To, theyareby themselvesnotreliableenough
to formthebasisofmeasurementsfor To. In suchcasescalibration
procedureshavetobe reliedupon.‘Ludwieg(reference19)hassuccess-
fullyusedthisprincipleforthemeasurementofwallshearingstresses
inturbulentflowsat lowspeeds.Hisinstrumentconsistsofa small
electricallyheatedelementflushwiththesurfaceonwhichthemeasure-
mentistobe madeandthermallyinsulatedfromit. Theheatflow,~
ismeasuredby theamountof electricalenergysuppliedtotheelement.
Thetemperaturesoftheelementandthefreestreamaremeasuredby
thermocouples.Itmustbe pointedoutthatinthiscasethegeneral ,
relationbetween~ and To mustbemodifiedto accountforthefact
thatthethermallayerandthefrictionlayerdonotoriginateatthe
samepoint.Ludwiegcalibratedhisinstrumentbymeasurementsof ~
withlmownvaluesofthefrictionforce,sothathismeaswementsare
notaffectedby theoreticalassumptionsontherelationbetweenTo
and ~. Theuseofthistypeof instrumentforhigh-speedflowinves-
tigationshas,however,oneseriousdrawback.It isextremelydifficult
toprovideknownshearingstressesforcalibrationpurposes.For
iwtsmce,itisno longerpossibletotietheknownrelationatlow
speedsbetweenpressuredropina two-dimensionalchanneland-theshearing
stressonthe”walls.Furthermore,‘itisopento questionwhethera heat-
transferinstrumentcalibratedinflowswithfullydevelopedturbulent
boundarylayerscanbe used.,forthemeasurementof skinfrictionin
laminarflows,andviceversa.Onaccountofthesedifficultiesitwas
feltthata methodmeasuringtheshearforcedirectlywouldbe superior
to theheat-transfermethod.

Directforcemeasurement.-Inprinciplethemethodofdirectforce
measurementisverysimple.Thefrictionalforceisallowedtomovea
smallelementofthesurfaceinthedirectionoftheflowandagainst
somerestoringforce.‘l!hismovementiscalibratedto indicatethe
magnitudeoftheforce.Thismethodwasusedby earlyinvestigators
likeFroudeandKempfindeterminingthefluidresistanceofbodiesin
water.A morerecentapplicationisthatofSchultz-Grunow(reference20),
whouseditformeasurementsof To in a low-speedwindtunnel.Since
thismethoddoesnotrelyon anyphysicalassumptionsregardingthe
natureoftheboundary-layerflowitisinherentlyverysuitablefor

-.-....—. .- _,. . ..-..-—. ,.— —..—— .-~ .. .. —-——— — .—-. .. .. ... . .
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surface-frictionmeasurements.Thereare,however,severaldifficulties
andpossiblesourcesoferrorintheactualuseofthisprinciple,
especiallyforapplicationsto supersonicflow. Theqovingelementhas .

tobe separatedfromtherestofthesurfaceby smallgaps.Thesemay
.

causechangesinthevelocityandpressuredistributionintheir
immediatevicinityandsodistortthemeasurements.Again,forlocal
measurementstheforceelementhastobe verysmallcomparedwiththe
dimensionsofthebodyonwhichthefrictionmeasurementsaretobe
made.‘Thisisof specialimportanceincaseswherethere=e large
pressure@adientsinthedirectionofflow. Thema~itudesofthe
frictionforceson a small elementareboundtobe smallsothatthe
force-tiasuringmechanismhastobe extremelysensitive.Investigations
ofthesedifficultiesshowedthat,nevertheless,thedirectforce-
measurementmethodwasquitefeasibleandpractical.

IIEWKGOPMINTANDIIFSIGNOFSKtN-FRICTIONINSTRUMENT

Althoughtheprincipleunderlyingthedirectmeasurementof skin
friction(asoutlinedinthelastsection)is quitestraightforward,
itsactualapplicationto flowmeasurementsisfarfromsimple.ThisI
isespeciallytrueformeasurementsathighspeeds.An instrument
basedonthisprinciplecanbe usedwithconfidenceonlyafterrather
extensiveinvestigationsandconsiderationsofthefeatureslikelyto
introduceerrorsinthemeas~ement.Thissectionwillbe concerned
withtheinvestigationsundertakento evaluatetheapplicabilityofthe
dtiectskin-friction-measurementmethodandthedesignof an instrument
basedontheresultsoftheseinvestigations.

Themainfeaturestobe investigatedindeterminingtheactual
feasibilityofthemethodmaybe brieflysummedup asfollows:

(a)Effectof.thegapsinthesurfaceontheskin-friction
measurement

(b)Thepracticabilityof accuratelymeasuringsmallforceswith
apparatushavingextremelysmallphysicaldimensions

(c)Theeffectof externalvibrationsandtemperaturechangeson
theinstrumentduringmeasurement

EffectofGaps

Thatthegapsbetweenthesurfaceoftheflatplateandtheforce
elementmayhavesomeeffectontheforcemeasuredisquiteclearfrom
thefactthatinthegapstheconditionofno slipatthesurfaceis .

.—.————.. ——.. ——- _ ___ ..__.——____
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no longersatisfied.Thebreakinthecontinuityoftheboundarymay
be regsrdedasa“suddendisturbanceintheslopeofthevelocityprofile
atthewall(i.e.,theshearingstress?’.).Themagnitudeofthis
disturbanceevidentlydependsontheWensions oftheslotaswellas
thecharacteristicsoftheflowinitsvicinity.Thefactthatforsn@l
surfacegapsthedisturbanceinpressureisnegligibleformsthebasisof
thewel.1-hewnmethodemployedinthemeasurementof staticpressuresin
movingfluids.Sincepressureandvelocitydisturbancesarerelated,it
isreasonableto expectthatforsmallgapstheassociatedvelocitydis-
turbancewouldalsobe still.Inorderto substantiatethisheuristic
reasoningandto arriveata somew@tmoreprecise‘ideaofthe“smaltiess’l
ofthegapswhichwouldnotdisturbthevelocityprofile,testsweremade
onflatplateswithslotsinthesurface.A slotwidthof 0.01inchWS

tiedforthestudyinsupersonicflow.Thisslotdimension.waschosen
asbeinga practicaloneforactualuseintheinstrumenttobe developed.
Theflowover.theplatesurfacewasobservedby meansof schlierenphoto- .
graphs.Figures1 and2 aretypicalschlierenphotographsoftheflow
pasttheslotswithlaminarandturbulentboundarylayer,respectively.
Itwasfoundthattheplatesurfaceandtheelementhadtobe inthe
sameplaneto almostanopticaldegreeofflatnessbeforetheshock
wavesdisappearedontheschlieren.Thelem.inar-boundsry-layerphoto-
graph(fig.1)indicatesno detectabledisturbancesduetothepresence
oftheslots.Intheturbulentcase(fig.2) (therebeinga steeper
velocitygradientattheplatesurface)veryfaintwavescanbe seen
originatingatthegaplocations.Inorderto estimatethestrengthof
thesewaves,anattemptwasmadetomeasurethepressurerisethrough
therebymeansof a O.O~inch-diameterstatic-pressureprobeandan
alcoholmanometer.No indicationofpressurevariationcouldbe
obtained.Sinceexperiencewithsimilarprobeshasshowntheinstru-’
menttobe anextremelysensitiveone,itwasconcludedthattheeffect
oftheslotswasnegligible.Thisconclusionwasfurtherconf%medby
a detailedexplorationofvelocityprofilesinthevicinityofa sample
slot. Theprofilesona flatplatewitha relativelylargeslotof
about0.2centimeterweremeasuredwitha 0.0005-inch-diameterplatinum
hot-tie. Sincetheboundarylayersathighspeedsaretoothinto
allowaccurateprofiledetermination,thesemeasurementswerecarried
outina low-speedwindtunnel.Theboundarylayerswererelatively
thick(about1 cm)andthehot-wiremeasurementsquiteaccurate.In
ordertoretainsomemeasureofdynamicalshdlaritywiththeslotin
thehigh-speedtunnel,theReyuoldsnumberbasedonthegapwidthand \
free-streamvelocity,density,andviscositywaskeptapproximatelythe
sameinthetwocases.Theresultsofthesemeasurementsareshownin
figure3. Theslopeandshapeofthevelocityprofilesinthevicinity
oftheslot,andhencetheshearingstress,areseentobe essentially
unalteredby thepresenceoftheslot. It is interestingto notethe
profilemeasuredinthegapitself.A smallfinitevelocityisindi-
catedatthewalllevelbutthesl,opeoftherestoftheprofileisnot
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indicateanytraceofthedisturbance.The
figure3 arefora turbulentboundarylayer
effectofthegapon a surfacewithlaminar
evenless.
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behindtheslotdoesnot
velocityprofilesshownin
ontheflatplate.The
boundarylayerwouldbe

(a)

(b)

(c)

(d)

The
utilized

Mechanicaldevicesutilizingthetorsionofa thinwire

Opticalmethods

Resistsmcewiregages .

Reactancegages

mechanicaltorsionwireisessentiallyverysimpleandis
extensivelyinlaboratorymeasurementsof smallforces .

.

MeasurementofSmallForces

Almostalltheusualmethodsemployedb themeasurementof small
forceshaveonecommnfeatureinthattheyallutilizea smallline=
orangularmovementproducedby theforcelsbeingmeasuredagainst~
somemechanicalrestoringforce.Theprincipalmethodsavailableare:

0

(e.g.,surfacetenslonofliquids).Considerableeffortwasexpended
inanattemptto employthismethodforthemeasurementof skin-friction
forces.A testsetup,however,showedthatitcouldnotbe usedto
advantagewithcomplicatedleversystemswhichwoulddestroythesim-
plicityandaccuracyofthemethod.

Amongtheopticalmethods,theuseof interferometryfortheaccu-
ratemeasurementof smalldisplacementsiswell-known.Theextreme
sensitivityofthismethod,however,requiresalmostperfectvibration
isolationoftheopticalelementsandthusmakesa practicalapplica-
tionina caseltiethepresentextremelydifficult.Twootheroptical
methodswereinvestigated.Thefirstoftheseemployedopticallevers
tomagnifysmallangularchanges,whilethesecondusedthefactthat
thewidthofthediffractionpatternfroma narrowrectangularslitis
proportionaltothewidthoftheslit.Whileextremelysimpleintheir
application,thesemethodswerefoundtobe notaccurateenough.

Theresistancestraingage,extensivelywed inexperhental
structuralanalysisandrecentlyalsoinwind-tunnelbalancesystemsj
worksontheprinciplethata changeinstrain’ina thinconducting
wireisaccompaniedby a c-e inelectrical”resistanceofthewire.
Sincethepercentagech&e inresistanceisofthesameorderof
magnitudeasthepercentagestrainandthewirematerialcannotbe

.

—— —— . —. — . — .- —.-—— . —



NACATN2567 lg

stressedbeyonditselasticlimit,ratherelaborateelectricalequipment,.
isnecesssryforprecisionmeasurementswiththistypeof gage. Its. useisfurthercomplicatedby thenecessityfor“temperaturecompensation,
forchangesintemperaturewoulddirectlyaffecttheresistanceofthe
strain-gagewire.A testapparatusemployingthewirestraingage
showedthatthismethoddidnothavetheaccuracyor stabilityrequired
forthemeasurementof smallforcesoftheorderof100milligrams.

Thereactance-typegageissimilartotheresistancegageinasmuch
as italsoemploysa mechanicalmovementtoproducea corresponding
changeinanelectricalquantity.Inthiscase,however,itispossible
forthepercentagechangeinreactancetobe severalordersofmagni-

1 tudelargerthanthepercentmechanicalchange.ThechangeinreactanceI
canthusbe easilyandaccuratelymeasured.Theparticularformof!

I reactancegageorpickupchosenforthepresentapplicationisa small
5/16-inch-diameter,7/16-inch-longvariabledifferentialtransformer
manufacturedcommercially(SchaevitzEngineeringCo.,Camden,N. J.).
Itconsists(see’fig.4)essentiallyofthreecoaxialcoils,oneprimary
andtwosecondaries.A smallironcoreformsthecontrollingelement
ofthetransformer.Theprimarycoilisenergizedwithhigh-frequency
(20kc)alternatingcurrentsothatthesolenoidalforceonthecoreis
effectivelyeliminated.Theoutputofthesecondarycoilsconnected
inoppositionisa functionofthecoreposition(fig.5). Thesensi-

1- tivityofthetransformerisofthporderof0.03voltperO;OO1-inch
coredisplacementat5 voltsinputtotheprimary.Thiscorrespondsto
a full-scaledeflectionona Hewlett-Packardvacuum-tubevoltmeter.
Theoutputchangeislargeenoughformeasurement‘ofcoremovementsof
lessthan1/10,000inchto approximatelyl-percentaccuracy.-.

EffectofExternalVibrationsandTemperatureChanges

Sincetheskin-frictioninstrumentwasintendedforuseinwind
tunnelswhichme alwayssubjectto vibrations,actualmeasurementsof
thefrequenciesandamplitudeofthetuunelvibrationsweremadewith
a standsrdvibrationanalyzer.Thesemeasurementsshowedthatthe
predominantexternalfrequencieswereat approximately200cycles
persecondand20 cyclespersecand.Themaximumamplitudeofvibra-
tionwasabout0.001inchatthelowerfrequency.Inviewofthisthe
coresuspensionsystemoftheinstrumentyasdesignedwitha natural
frequencymuchlower(about5 CPS)thantheexternalvibrations.Since
theexternalvibrationsactuallyhavea continuousfrequencyspectrum
ratherthanjustdiscretefrequencies,itisimpossibleto eliminate
entirelytheeffectofthesevibrations.As a resultthetransformer
coremayoscillateto a smallextentaboutsomemeanpositionormay ‘
be effectivelydisplacedfromitsrestposition.It istherefore
importanttooperateona partoftheoutputcurve(fig.5) suchthat
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theoscillationsdonotmakethe
ofthecurve.Theeffectofthe
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corecrosstheminimumor “zero”point
externalvibrationswasfurthermini-

mizedbyviscousdampinganddistributionofthemassoftheoscillating
systemsothatitscenterof gravityandcenterofpercussionwe?!e
approximatelycoincident.

Thetransformerpickupwastestedfortemperatureeffectsandit
wasfoundthattempera-turechangesoft20°C haveno effectontheout-
put. Intheactualdesignonefurt~erprecautionwouldbe required.
Thelinksystemcarryingthecoremustbe sodesignedthatthermal
changesleavethecorepositionunaffected.

To Summarizetheaboveinvestigationsthefollowingdesignrequire-
mentsweresetup fortheshearinginstrument.

(a)Theinstrumentistobe usedprimarilyfortwo-dimensional
measurementsintheWIT k-by 10-inchtransonicwindtpnnel(see
reference21fordescription).Thesmallsizeofthetestsection
demandsthattheinstrumentbe of extremelysmalldimensions.

(b)Themovingelementandtheflatplatemustat alltimesbe
atthesamelevel.Evensmallinclinations(oftheorderof l/500)
oftheelementwouldintroducelargeerrorsinthemeasuredforces.
Thegapsbetweentheforceelementandtheplatesurfacemustbe as
smallaspossible.

.

(c)Theforce-measuringsystemmustbe sensitiveenoughtomeasure
skin-frictionforcesinbothlaminarandturbulentboundarylayersin
theavailablerangeofMachnumberandReynoldsnuniber(M% O to 1.5
and R = lokto 106).Thiscorrespondsto shearingstressesranging
fromapproximately1 milligrampersquarecenttieterto about1 ~am
persquarecentimeter.

(d)Theinstrumentreadingsmustbe immuneto vibrationsfromthe
tunnelandtotemperaturechanges.

Description

Theinstrumentdevelopedisshownschematicallyimfigure6. The
flatplateusedforthemeas~ementsissupportedfromtheceilingof
thetunnel.Thesmall0.2-by 2.O-centtietermovingelementissupported
by a speciallydesignedfour-barlinkagewhichallowsitto translatein
theplaneoftheplatewithoutrotation.Therectangularslotinthe
platethroughwhichtheforceelementisexposedtotheflowhasaccu-
ratelylappedsides.Thegapsattheleadingandtrailingedgesof
theelementateapproximately0.004inchand0.008inch,respectively.
Theelementislappedflushwiththesurfaceoftheplateafterassembly.

..— —.—
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Thedegreeofflatnessischeckedbymeans
. Theflexurelinksinthesuspensionsystem

.

of interference
canbe replaced

21

fringes.
by linksof

variousthickness(0.005in.,0.01in.,O.0~ @.) thusprovidinga
largerangeofvariationoftherestoringforce.Movementoftheforce
elementisconveyedtothecoreofthetransformerby a nonconducting
rodandmetal-~kearrangement.Thetransformerisheldin~sition
by a brasscagewhichcanbe adjustedforpositionby meansof set
screws.Thelinkageassemblyseatsinrecessesintheflat-platesup-
portwhichalsoservesas a ’streamlinedwindshield.Thedampingof
theforceelementisobtainedby twodamperswhicharecarriedby the
yokeoftheflexurelinkassemblyandareimmersedinIhwCorning
siliconefluidof500-centistokeviscosi~.Theareaofthesurface
ofthedmnperswasadjustedtoprovideslightlylessthancritical .
@@ totheoscillatingsystem.Themassofthedampingsystemis
alsoutilizedto obtaincoincidenceofthecenterofpercussionand
centerof gravityofthelinkage.Theeffectivenessofdampingand
vibrationisolationcanbe seenfromthesamplecalibrationcurvein
figure7. Calibrationoftheinstrumentisobtainedbymeansofa
pulleyarrangementwithjewelbearings.Thepulleywasconstructedfrom
magnesium(forlightness)andbalancedinrotationsothatit introduced
no errorsincalibration.Thefrictionaltorqueofthejewelbearings
isoftheorderof 1o-6milligram-centimeterandhenceisnegligible.
A single-fibernylonthreadprovidedthemeansofattachingsmallfrac-
tionalweightsto thelinkageduringcalibration.Samplecalibrations
indicatingtherepeatabilityandlinearityoftheforce-measuring
systemmaybe seeninfigures8 and9. Theentireforceli&ageand
coilsystemisenclosedinthewindshield,whichhasa frontalareaof
1 ~ch by + iIlChf2s.
T

Wheninuse,theinsideofthewindshieldis

sealedofffromtheflow,exceptforthegapsaroundtheforceelement
itself.Thesegapsserveasventsforequalizationofpressurebetween
thetnsideandtheoutsideoftheforceelement.Theelectricalleads
arelikewisesealed.Duringoperation,thepressureacrossthegaps
couldbe observedon an alcoholmanometer.Oneleadofthemanometer
wasconnectedto a static-pressureorificeontheplatejustaheadof
theelementandtheotherindicatedthepressureinsidethewindshield.

ElectronicEquipmentandCircuitDetails

A blockdiagramofthemannerofuseoftheskin-frictioninstru-
mentisshowninfigure10. A precisionHewlett-Packardlow-frequency
oscillatoractedasthepowersupplyforthedifferentialtransformer.
Theoutputfromthesecondariesconnectedinoppositionwasreadona ‘
Hewlett-Packardvacuum-tubevoltmeterto an accuracyof*1 percent.
Sincetheoutputisdirectlyproportionaltotheinput,thelatterwas
alwayskeptatthesamefixedvaluebeforetakinga skin-friction
reading.Inorderto avoiderrorsintroducedby switching,a second
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vacuum-tubevoltmeterwasusedtoreadtheinputtotheprimarycoil
of”thetransformer.Thevariableresistanceof20,000ohms(shownin
fig.10)acrossthesecondsrycoilsofthetransformerunitwasfound
usefulinreducingthemagnitudeoftheoutputatthe‘tbalancePointt’
(symmetricalcoreposition)to approximately0.001volt. Thiseffe~-
tivelyincreasedtherangeofreadingsonthevoltmetersca-le.

.

.

INCOMPRESSIBLE-FLOWMMSUHWENTS

At lowspeedstheassumptionof incompressibilityoftheairis
a closeapproximationandleadsto considerablesimplificationintheo-
reticaltreatmentoftheboundary-la~requations.Thisisespecially
tiportantforthecaseof laminarflowpasta flatplateat zero
incidence,forinthiscaseanexactsolutionofthe=andtlequations
ispossible.Thisisthewell-knownBlasiussolution.Forthemuch
morecomplicatedcaseofturbulentflow,theoreticalsolutionsofthe
equationsarenotpossible.However,as shownby Prandtl,VonK&&n,
andothers,evenforturbulentflowhportanttheoreticaldeductions
regardingtheskinfrictionandnatureoftheboundary-layerflowcan
bemade. Thelogarithmiclawforskinfriction-athighReynolds
numbersisa well-knownexample.

Inorderto establishthegeneralvalidityofthepresentmethod
ofmeasurement,theskih-frictioninstrumentwasadaptedformeasure-
mentsinlow-speedflow.Twotypesofflowwereinvestigated,the
so-calledBlasiusflowandfullydevelopedturbulentflowpasta flat
plate.Itisbelievedthattheresultsofthisinvestigation,apart
fromconfirmingtheaccuracyofthemethodofmeasurement,havesome
interestandvalueoftheirown.

ExperimentalEquipmentandSetup

Thegeneralexpertientalarrangementforthelow-speedmeasurements
isshowninfigureIl. TheGALCIT“Correlation’ftunnelwasusedfor
thisinvestigation.Thisisa speciallydesignedwindtunnelfor
turbulencemeasurements,witha verylowfree-streamturbulencelevel
(u’/U oftheorderof0.03percent).

SincethemagnitudeoftheshearingstressTo atthelowspeeds
andReynoldsnumbers(UZ hOOcm/secto 160 cm/secand RX 6X 104
to 6 x l&’)isextremelysmall,beingoftheorderof1 milligram
persquarecentimeter,thesmall(0.2-by 2.O-cm)elementoftheinstru-
mentwasreplacedby a largeronemeasuring1.15by 6.3centimeters.
Phosphorbronze0.005-inch-thickby l/&inch-wideflexurelinkswere

“

.
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usedinsteadoftheregularO.01-inch-thicklinks.Thisincreasedthe
sensitivityoftheforce-measuringsystemby a factorof approximatelyk.
The instrumentwasattachedtotheflatplateby meansofa metalyoke,
asshowninfigureil..Thesurfaceusedforthelow-speedhoundary-
layer~aSUementSwasa sharp-nosed~- by 36-inchflatplatemadeout
of5/16-inch-thickplasticmaterial.Thesurfaceofthisplatehada
highlypolishedfinish.Therewas,however,someirregularitypresent

,intheformofwavinessinthesurface.No”attemptwasmadetoremedy
thisbecausetheamplitudeofthesurfacewaveswastoosmall(ofthe
orderof0.005in.ina lengthof2 ft)tobe of anysignificance.The
shesring-stressinstrumentcouldbe locatedintwoalternati~epositions
ontheplate.Thechangeinpositionallowedanadditionalvariationin
theReynoldsnumber(i.e.,inadditiontothechangemadepossibleby
free-streamvelocitychanges).Themeasuringelementconsistedofa
smallpieceoftheplastic(identicalwiththeplatematerial)rectangular
inshapeandattachedtotheforcelinkagesothatthelowersurfaceof
thiselementwasflushwiththesurrounding-platesurface.Theelement
wasseparatedfromtherestofthesurface(onallfoursides)by a
l/32-inch-widegap. Thattheelementwasreallyflushwiththeplate
surfacecouldbe checkedaccuratelybymeansofanopticalarrangement“
consistingof a reflectingsurfaceanda magnifyinglens.Theforce
linkagesystemwasshieldedandsealedofffromthe$1OWby a stream- J
linedbrassshield..Total-headprofilescouldbemeasuredateither
locationoftheshearstressmeasurementby meansofa total-headtube
anda portablemicrometerheadwitha leastcountof0.01centimeter.
Thetotal-head-tubedimensionsareshowninfigure12. A precision
alcoholmanometeroftheZahmtypewasusedforthemeasurementofpres-
sures.Total-heador static-pressuretraversescouldbe madeinthe
directionofflowbymeansofa motorizedtraverse.

ExperimentalMethod

Laminarboundarylayer.-Inorderto establishthetypeofboundary-
layerflow,velocityprofilesweremeasuredonthesurfaceoftheplate
fora rangeofvelocitiescoveringtheReynoldsnudoerrangeoverwhich
theshearingforcewastobe measured.Theseprofiles(fig.12)showed
goodageementwiththetheoreticalBlasiusprofile.Thattheflowwas
tideedlaminarwasfurthersubstantiatedby observinglaminar-boundary-
layeroscillations(Tollmien-Schlichtingwaves)bymeansof a
0.0005-inch-diameterplatinumhot-wireplacednearthesurfaceofthe
plate(approximatelyata distanceof0.1cm). Theregularlaminar
oscillationscouldbe changedto randomturbulentfluctuationsby
introducingdisturbancesinthebound&’ylayeraheadofthepoint
measwement.In additionto substantiatingthepressure-profile

‘, measurements,thisprecautionservedanothersignificantpurpose:
removedanysuspicionthattheforceoffrictionmeasuredby the

,,

of
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shearing-stressinstrumentwasdueto anythingotherthanpurelaminar
flow. It isknownthatlaminarflowdoesnotbreakdownat a definite
(time-independent) distancefromtheleadingedge.Transitionto tur-
bulentflowisevidencedby theappearanceof “bursts”ofturbulent
fluctuations(seereferences22 and23)superposedonthelaminar
oscillations.In casesuch“bursts?’werepresent,theforcemeasure-
mentswouldnotcorrespondtopurelylaminarfriction.

Theactualshearing-forcemeasurementconsistedoftakingthedif-
ferenceofvoltmeterreadingswithandwithoutflowforeachpoint
measured.Thisprocesseliminatedanypossibleerrorsdueto zero
shiftinthemeasuringsystem.Intheearlierstagesoftheexperi-
ments,theinstrumentwascalibratedbeforeandaftereachsetof
shearing-forcemeasurements.Sincethecalibration(fig.8) didnot
perceptiblychange,thisprocesswaslaterreplacedby oneofmaking
periodicchecks.Thecalibrationremainedconstantduringtheentire
durationofthemeasuremeritstobetterthan1 percent.

Itwasnotpossibleto fulfillexactlytheconditionof zeropres-
suregradientrequiredby Blasiusflow.However,thedeviationfrom
~= O wassmall(@/q lessthan1 percent)intherangeofthemeasure-
dx
mentsreported,anditwaspossibleto adjusttheplateinpitchto give
approximatelya constantfavorablepressuregradient.Thiswasactually
measuredandtheforcemeasurementswerecorrectedaccordinglywhen -
makingthecomparisonwiththeory(seesection“Laminarboundarylayer”).

Sincetheforce-measuringsystemoftheskin-frictioninstrumentis
essentiallya suspension,itisaffectedby tiltoftheinstrument.In
orderto determineandaccountfortheerrorintroducedby changesin
theattitudeoftheinstrumentdueto deflectionoftheflatplate,the
followingprocedurewasadopted.Theelementwascoveredwitha stream-
linedshieldwhichleftitfreetomovebutshieldeditcompletelyfrom
theflow.Thedifferencebetweenthe“noflow”and“withflow”readings
thengavetheeffectoftheplatetilt.Thiserrorwasdeterminedfor
theentirerangeofvelocitiessincethejjlatedeflectionisdependent
ontheairloadsofthesystem.‘Figure13 showstheeffectofplate
tiltontheinstrument.Themeancurveoffigure13wasthenusedto
correcttheinstrumentreatings.Themaxhumcorrectionwaslessthan
10percent.Thescatterinfigure13,atabout1300-centimeter-
per-secondfree-streamvelocity,isdueto excessivevibrationsinduced
by resonancewitha naturalmodeofoscillationofthetunnel.The
aboveprocedureof correctionwasnecesssryonlyforthemeasurements
madeattheforwardlocation(x= 28.6cm)oftheinstrument.
rearlocation(X s

Forthe
58.ocm)theplatesupportwasmodifiedto Increase

itsrigidity.Thiseffectivelyeliminatedanyplatetilt.

. ———_-—. . . . —
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As willbe noticedfromfigure14,
pointsisconsiderablylessattherear

thescatteroftheexpertiental
locationthaninfront.During

all themeasurementsprecautionsweretakento ensurethattherewas
noflowthroughthegapsbetweentheforceelementandtheplate.This
wasdoneby sealingthewindshieldontotheplateandcheckingthe
pressuredifferencebetweenitsinsideandtheplatesurfaceonan
alcoholU-tube. ,

Turbulentboundary layer.-Theexperimentalprocedurefortheskin-
frictionmeasurements-ontheflatplatewithturbulentboundarylayer
wasessentiallysimilarto thatadoptedforthelaminarcase.The
boundarylayerwastripped,thatis,madeturbulent,by a roughness
elementattheleadingedge.Thetypeofflowwasidentifiedby the
shapeofthevelocityprofile(seefig.12)aswellasbytherandom
fluctuationsshownby a hot-wireplacedcloseto theflat-platesurface.
Thattheparticularmannerinwhichtheboundarylayerwastrippedwas
ofno essentialimportancetotheskin-frictionmeasurementswas
ascertainedby causingthetransitionindifferentways(e.g.,raising
thefree-streamturbulencelevelwiththehelpofwirescreensinthe
tunnelor,alternatively,by adjustingtheTlateorientationsothatthe
stagnationpointontheleadingedgewaslocatedonthesideoppositeto
thesurfaceofmeasurement).Inallthemeasurementsreportedherethe
boundarylayerwastrippedby a singleroughnesselement,a wire,at
theleadingedgeoftheflatplate.Thismethodwasadoptedinpreference
totheothersbecauseitgavea convenientmethodoffixingthepointof
transitionalmostattheleadingedgeoftheflatplate.Thus,any ,
arbitrarinessaboutthelengthenteringintothecalculationofthe
Reynoldsnuder oftheturbulent-boundary-layerflowiseliminated.
Thattheboundarylayerwasreallyturbulentcloseto theleadingedge
wasconfirmedby a total-head-tubesurveyinthedidectionofflowwith
thetubetouchingtheplate:Thechangefromlaminartoturbulentflow
isthenindicatedasa sharprise.intotal-headlossby thetotal-head
tube.

ResultsandDiscussion

Laminarboundarylayer.-Thedirectskin-frictionmeasurementsare
showninfigure14. Theycovera rangeofReynoldsnumbersfromabout
6x lo4to 6X 105. In comparingtheexperimentalvalueswiththeory,
thevaluesoftheshearingstress,as indicatedby theinstrument,
werecorrectedforexperimentalerrordueto platedeflectionandthe
effectofpresstie~adient. Themethodof correctionforplatedeflec-
tionhasbeendiscussedbefore.Itappliedonlytothemeasurementsat
theforwardlocation(x= 28.6),sinceattherearlocationtherewasno
deflectionoftheplateandsupports.Theeffectofpressuregradient
wastakenintoaccountbyuseofVonK&&n’s integral.relationforthe

t
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boundarylayer.Since dp/dxwasnotexactlyzeroitsmagnitudewas
ascertainedby actualmeasurement.Figure15 showsthesepressure- \
gradient“measurements.Itwillbe notedfromfigure15thatat any -,

givenvalueoffree-streamvelocityatthepointofmeasurementdp/&x
hasverynearlya constantvalueovertheentirelengthoftheflatplate.
Usingthisfact,themomentumintegalrelationmaybewrittenfora
givenpointas:

Acf H+2dp—= — —
Cf ~~o

where

Acf= Cf - Cf
o

isthedifferenceofthelocalskin-frictioncoefficientfromtheBlasius
value cfo;H, theratioofdisplacementtomomentumthickness;

1
q ~ pm&’,thedynaqicpressureofthefreestream;and dp/dx,the=-

constantpressuregradientovertheflatplate.Thusfora fixedvalue
of x and q,knowingthepressuregradientandusingtheBlasiusvalue
of H = 2.605,theeffectofpressuregradientcanbe estimated.That
theuseoftheBlasiusvaluefor H isjustifiedforthepurposeof
suchcalculationsmaybe seenfromtheprofilesoffigure12,whichshow
thatforthesmallvaluesof dp/dxthedeparturefromtheBlasius
profileisslight.Allthemeasuredvaluesof cf showninfigure14
havebeencorrected.fortheeffectofpressuregradientinthemanner
outlinedabove.Themagnitudeofthemaximumcorrectionwasofthe
orderof8 percentin cf. Theagreementwiththetheoreticalstraight
linesofBlasiusisseentobe exece~ent.Theexpertientalpointsshown
infigure14aretheresultsof severalobservationstakenatdifferent
ttiesandto someextentindicatetherepeatabilityofthemeasurements.
Alsoshowninthesamefigurearevaluesof cf obtainedfromtheprofiles
offigure12bymeasuringtheslopeatthewall&d correctingforthe
dp/dx effect.

Fromthediscussionitisevidentwhythefewscatteredexperiments
onflat-plateskinfrictionoftengivetoolargevalues.ofcf. The
reasonforthisistheextremesensitivityofthelsmi.narlayerto
pressuregradients.Ifthepressuregradientisslightlynegativethe
layerisstableandlaminar,buttheskinfrictionistoo.high. If
thepressuregradientisslightlypositive,turbulent“bursts”arelikely
to appearand cf ismeas~edtoolargeagain.

—. . ... —- . . ..__ . .
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Turbulentbound=ylayer.-Themeasurementsof localskinfriction
turbulentboundarylayerontheplatewerealsocorrectedfor

pressure-gradienteffectina mannersimilartotheoneadoptedforthe
laminarcase.,Forthepurposesofthiscorrection,thevaluesof H
and 13wereobtainedby assuminga power-lawvelocityprofileinthe
boundarylayerwitha powerindexof1/7. Themagnitudeofthecorrec-
tionsinthiscasewasoftheorderof 2 percentin cf. Figure14
showstheexcellentagreementbe}weentheexperimentalvaluesandthe
theoreticalcurvegivenby VonKarman‘ fortheskinfrictionona flat
platewithturbulentboundarylayer.Thisagreementisbelievedtobe
fortuitousto someextent,fortheconstantsinVonK&m&n’slogarithmic
relation

are
The

notpredicted
valuesof A

by theorybuthavetobe determinedfromexperiment.
and B, asfoundfromthepresentexperiments,were

-0.91and5.o6,respectively,as comparedwith1.7and4.15in
Von&&”’s formula.This-differen~eintheconstantsisperhapsto
be attributedtothefactthat A and B arenotabsoluteconstants -
butdependsomewhatontheconditionsof experiment,forexsmple,on
Reynoldsnumber~d soforth.Onecanonlyconcludethatthelogarithmic
formulaofVonKarm& isa fairapproxhationforincompressibleflow.
Becauseofthelimitedrangeofthetunnel,turbulent-boundary-layer
flowatReynoldsnumbershigherthan6 X l@ couldnotbe studied.

COMPRESSIBLE-FLOWMEASUREMENTS

Itwasoriginallyintendedto investigatetwosimplerepresentative
typesofviscouscompressibleflow,namely,thesteadylaminarandtur-
bulentflowsonan insulated.flatplatewithzeropressure~adient. It
hasalreadybeenpointedoutthatevenintheincompressible-flowmeasure-
mentsconsiderabledifficultieswereencounteredinobtainingexperi-
mentalconditionswhichcloselyapproximatedtheconditionsformingthe
basisoftheoreticalanalyses.Inthecaseofthecompressible-flow
measurements,theadditionallimitationsimposedby smallsizeofthe
windtunnelandby theeffectsaccompanyingcompressibilitywere,some-
timessoseverethattheyresultedineitherchangingsomeofthe
originalaimsor evenabandoningthem.Forinstance,itwashighly
des~ableto obtainskin-frictionmeasurementsforthecaseofa laminar
boundarylayer,forwhichratheretiensivetheoreticalinformationis
available.Experimentally,however,itwasfoundimpossibleto maintain
lsminarflowwithoutrather-s~rongfavorablepressuregradients(see
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section‘Laminar-Boundary-LayerMea~urements”).Hence>themeasurements
inthelaminsrcasehadtobe restrictedto a singlesetofmeasurements
of skinfrictionwithlmownpressuregradients.Ifthefollowingpages
indicatea lackof completenessandcontinuityit islargelya result
of featuresinherentinthephenomenonbeinginvestigated.

RangeofWindTunnel

Theinvestigationsyerecarriedoutinthe& by 10-inchGAL(KCT
transonicwindtunnel.Thisisa continuouslyoperatingclosed-return
typeoftunnelequippedwithairfilter,silica-geldehumidifier,anda
flexiblenozzle(reference21). TheMachnuniberrangeofthiswindtun-
nelextendsfromaboutM = 0.25 to M = 1.5. Sincealltheskin-friction
measurementswerecarriedoutata fixedlocationoftheforce-measuring
element,thepossiblemeansofReynoldsnunibercontrolwerelimitedto:

(a)Velocitychanges

(b)Stagnation-temperaturechanges

(c)Stagnation-pressurech~es

Ofthese,thelasttwoleavetheMachnumberunaffectedandhenceare
verysuitableforisolatingReynoldsnumbereffectsfromMachnuniber
effects.Unfortunately,therangeofReynoldsnumbervariationspos-
sibleby thesemeanswasextremelylimitedinthepresentcase,and
forallpracticalpurposeschangesinReynoldsnumberwerepossible
onlythroughMachnumberchanges.TheavailablerangeofReynoldsnum-
berswasthw cotitiedto apProx~telY R = 3xl@to R=l.2X106.
Sinceexperimentallhitationsseverelylimitedtheinvestigationon
laminarboundarylayers,themainpartofthecompressible-flowmeasure-
mentswasconfinedtoturbulent-boundary-layerflow.

ExperimentalProcedure- TurbulentBoundary

Layer(M= 0.2 to M = 0.8)

Thesizeoftheflatplateandthegeneralarrangementisshownin
figure6. Itwillbe noticedthattheflatplatehasa sharpleading
edge,onesideoftheplate(themeasuringsurface)be- Para~elto
theflow.Forthecaseofthehigh-subsonic-flowmeasurements,this
configurationservedtoproduceturbulentboundarylayersstartingat
theleadingedgeoftheplate,thestagnationpointinthisrangebeing
onthesurfaceoppositetothemeasuringsurface.However,inorderto
removeanydoubtregardingthenatureofboundary-layerflowformost

.

,.
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oftheturbulent-boundary-layermeasurements,a 0.005-inch-diametersteel
wirecementedabout0.2centimeterfromtheleadingedgeoftheplate
wasusedas a trip.Figure16 showsthattheexperimentalpointswith
andwithoutthewiretripagreeverywell.As showninthesketch
(fig.6),theflatplatedoesnotquitespb thewidthofthewindtunnel.
Previousexperiencein investigatinghigh-speedflowphenomenonhadindi-
catedthattheside-wallboundary-layereffectswereminimizedby
shorteningthespanoftwo-dimensionalmodelsan amountequaltothe
displacementthicknessoftheboundarylayer.Inthepresentcasethis
amountedto approxhnately1/4inchon eithersideoftheflatplate.
Detachablesidepiecescouldbe installedontheflatplatesothatit
effectivelyspannedtheentirespanofthetunnel.As a matterof
precaution,skin-frictionmeasurementsweremadebothwithandwithout
thesesidepieces.Figure16 showstheagreementbetweenthesemeasure-
ments.Figure17 showsrepresentativevelocityprofilesmeasuredwith
a total-headtubeandcomputedonthebasisof constantenergyperunit
massthroughtheboundarylayer.Theturb~ent-boundary-layerskin-
frictionmeasurementsshowninfigure16aretheresultsof someeight
separatesetsofobservations.Du@ngthesemeasurementseveryeffort
wasmadeto eliminateoraccountforerrorswhichmightaffectthe
reliabilityoftheresults.Thefollowingpointswereespecially
imqlortant.

Pressuregradients.-Figure18 showsrepresentativepressuredis-
tributionsmeasuredwitha static-pressureprobeandan alcoholmicro-
manometer.Sincetheprobetravelwaslimited,itwasnotpossibleto
obtainthepressuredistributionsovertheentirelengthoftheplate.
However,itisknbwnfrompreviouscalibrationchecksoftheflowinthe
tunnelthattheflowis quitesmooth,sothatthepressuredistributions
showninfigure18extendcontinuouslyineitherdirection.As seen
infigure18thepressuregradientsarequitesmallbutnotzero.To
estimatetheeffectofthesesmallpressuregr~dientsonthemeasured
skinfriction,usewasagainmadeoftheVonKm& momentumintegral.
Itwasassumedforthesecomputationsthattheturbulent-boundary-layer
profilescouldbe representedby a powerlaw. Justificationforthis
isapparentfromfigure17. Themomentumintegralrelationforcorn- .
pressibleflowmaybe writtenas

cf=2 Q&~2-.2)+$p’)

wherethesymbolshavetheirusualmeanings.Itiswell-knownthatas
a firstapproximation~,themomentumthiclmess,maybe saidtobe
unaffectedby compressibilityeffects(equivalentto anassumption
of pu= constant).Usingthisandneglectingtheeffectofpressure
gradientson 13and H onemaywrite
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()*where H= = $- istheshapeparameterforcompressible
compressible

flowand ~, thesameforincompressibleflow.Assuminga l/7-power
velocityp~ofileonecanusetheincompressible-flowvaluesof Gi and
Hi givenby

t$Ji= 0.036($/5 .4/5

% = 1.286

Theeffectofpressuregradientthenmaybe approximatelydeterminedby

.

writingtheintegralrelationas

where

&f=cf-2g

andwing theapproximatevaluesfor Hc and ei

fromfigure18. Thesecalculationsshowthatthe

fromaboveand

maximumerrorin
localskin-frictioncoefficientislessthan1 percent.

1 dp-—
qdx
the

Temperatureequilibrium.-Inorderto realizetheconditionof zero
heattransferontheflatplate‘itisextremely~portantthatthermal
conditionsbe stableduringoperationofthewindtunnel.Themethod
of supportingtheflatplatealongitscenterlineby a thinstrut
minimizedanylossesdueto conduction.Inaddition,themeasurements
werecarriedoutwiththestagnationtemperatureoftheairinthe
neighborhoodoftheroomtemperature.Thestagnationtemperaturecould
be maintainedconstqntto-approximatelyfl”C. me usualtimetakenby
theskin-friction-instrumentreadings”to steadydownwasoftheorder
of 2 minutesor soafterthetunnelflowandthestagnationtemperature
hadstabilized.Thatconditionsontheflatplatehadreallyreached
thestateof zeroheattransferwasconfirmedby a calibratedthermo-
coupleprobetouchingthesurfaceoftheplate.Thethermocoupleoutput

I

I

(
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wasreadby ~ precisionLeedsandNorthrup
peraturechangesof aboutO.O1°C couldbe

31

potentiometeronwhichtem-
easilydetected.-Itwas “

foundthat,ifanychangesinstagnationtemperatureweremade,thermal
equilibriumontheplatewasattainedafter2 or 3 minutesof stabili-
zation.Duringtheperiodof stabilizationtheeffectontheskin
frictioni~asobservedtobe strikinglylarge.It isforthisreason
thattheseprecautionsarestronglystressedhere.As a pointof
interest,thetemperaturerecoveiyontheplate,as indicatedby the
thermocoupleprobe,isshowninfigure19. Alsoshownforcomparison
istheusualempiricalrelationfortemperaturerecoveryon a flatplate
witha turbulentboundarylayer.Theresultsinfigure19aretobe
regardedonlyasofa qualitativenature,sinceno accountistaken
oftheeffectoftheprobeitselfonthetemperaturerecovery.The
mainreasonforthesemeasurementswasto confirmthatthermalequilib-
riumhadbeenreachedontheplate.On thebasisoftheseexpertients,
theusualproced.yrefollowedwastolet conditionsstabilizeforover
10minutesor sobeforerecordingtheskin-frictionreadings.

Gapflows.-Duringallthemeasurementsreportedheretherewasno
flowthroughthe’gapsseparatingtheforceelementfromtheplate.This
wasascertainedbymeansofanalcoholU-tubewhich,forallthereported
measurements,indicatedlessthan0.5centimeterof alcoholdifference
inpressureacrossthegapsbetweentheinsideoftheshieldandthe
outsideflow. Inorderto determinethedegreetowhichtheskin- .
frictionreadingswereaffectedwhentherewasflowthrotihthegaps,
a testsetupwasarranged.Anydesiredpressuredifferencecouldbe
maintainedacrossthegapsby meansofa suction-pumparrangement
connectedtotheinsideofthesealedwindshieldoftheskin-friction
instrument.Itwasfoundthat,withno flowinthetunnel,pressure
differencesof about5 centimetersofalcoholcausedan errorofabout
3 percentinthereadingoftheinstrument.Thiswastrueregardless
ofthedirectionofthepressuredifference.Of coursethesevalues
wouldbe somewhatdifferentunderactualflowconditions.Butthey
certainlywouldnotchangeby anorderofmagnitudeand,sinceduring
themeasurementsthepressuredifferencewasalwayslessthan1/2centi-
meterofalcohol,onlynegligibleerrorscouldhavebeencaused.

Errorsdueto deflectionsandvibrations.-Theseeffectswerechecked
forina mannerstiilarto oneadoptedduringtheincompressible-flow
measurements.Theforceelementwascoveredupwitha streamlinedshield
protectingitfromthe?1OWbutleavingitcompletelyfreetomove. If
anydeflectionofthestructuresupportingtheinstrumentoccurredit
wouldshowup asa reading.A similareffectwouldbe producedinthe
caseof imperfectvibrationisolation.Itwasfoundthattheinstalla-
tionoftheinstrumentinthewindtuunelwasperfectlyrigidandthat
thevibrationisolationanddampingwerequiteadequate,sothatno
errorswereintroducedontheseaccounts.

.
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Occurrenceoftransonicregionsandshockwaves.-Theupperlimit
(approx.M = 0.8)ofMachnumberforthehigh-subsonic-flowmeasure-
mentsreportedherewassetby theappearanceof shockwavesnearthe
leadi~edgeoftheflatplate.Itwasfoundthatwiththeappearance
ofa transonicshockattheleadingedgeoftheplateno suddenchanges
couldbe observedintheskinfrictionatthepointofmeasurement.
Nevertheless,inorder.toretaincleanexperimentalconditionsitwas
decidedtorestrictthemeasurementsto flowwithoutshockwaves.

,Alinementofforceelement.-Duringthecourseoftheexperiments
reportedherethealinementoftheforceelementwiththerestofthe
platesurfacewasperiodicallycheckedopticallyby meansofinterfer-
encefringes.Duing theentireperiodofmeasurementthealinement
remainedthesametowithintllX 10-6inch(correspondingto a fringe
movementofonefringewidthof cadmiumlight). -

ResultsofMeasurementsforTurbulentBoundaryLayer

at High-SubsonicSpeeds

Theexpertientalvaluesof localskin-frictioncoefficientas
measfiedby theskin-frictioninstrumentareshowninfigure16. In
computingtheskin-frictioncoefficientan?theReynoldsnumber,free-
streamvaluesofdensityandviscosityhavebeenused.As seen,the
experimentalpointsliequitecloseto (butdefinitelybelow)thecurve
forincompressibleflow,showingthattheeffectof compressibilityin
therangeofMachnumbersupto M = 0.8 isquitesmallbutinthe
expecteddirection.Theexperimentalscatterisoftheorderof
*5percentaboutthemean.

As brieflymentionedbefore,theeffectofheattransferonthe
skinfrictionwasfoundtobe quiteimportant.Quantitativemeasure-
mentsofthiseffectwerenotpossiblewiththepresentequipment,but
ingeneralthefollowingwasobserved:Iftiterequilibriaconditions
hadbeenattainedinthewindtunnelthestagnationtemperatureinthe
settlingchamberwaslowered,theskin-frictionreadingshoweda marked
increase.Themagnitudeofthisincreaseseemedto dependontherate
ofheattransferforitcouldbe controlledto someextentby controlling
therateof coolingoftheairinthesettlingchamberofthetunnel.
Roughlyspeaking(fornoprecisemeasurementscouldbe obtained),during
theperiodofheattransfertheskinfrictionchangedby about50percent
ofthesteady-state(zeroheattransfer)value.Raisingthestagnation
temperatureresultedinlowerskin-frictionreadings.Uponreattainment
of steadyconditions,theskinfrictionalwaysregatieditszero-heat-
transfervalue.As indicatedby theseobservations,theresultanteffect
ofheattransferfromorto theflatplateistheoppositeofwhatone

_—— —.——.
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expectsfromtheoreticalconsiderations.No explanationhasbeenfound
forthisanomalousbehavior.

Laminar-Boundsry-LayerMeasurements

Ithasbeenmentionedbeforethatbecauseof experimentaldiffi-
cultiesitwasnotpossibleto obtainlsminarboun@y layersof suf-
ficientextentwithoutfavorablepressuregradients.Thereareseveral
reasonsforthis. Laminarboundarylayersarenotoriouslysensitive
to leading-edgeconditions.Forsupersonic-flowmeasurementsitis
necessarytousethetypeof ‘half-wedge”leadingedgeemployedinthe
presentexperiments(seereference24). Thistypeof leadingedgeis
notverysuitableforsubsonicwork,foritrequiresthestagnation
pointtobe onthesideofthesurfaceofmeasurement.Inthepresent
setupthiswouldrequiretheflatplatetobe ata relativelylarge
positiveangleof attack.Thiswasnotfeasible.Forthecaseof
supersonicflowwithanattachedbowwavethisdifficultywouldbe
obviated.(Actually,inthesupersonic-flowmeasurementsothereffects
preventedanyreliablemeasurementsof skinfrictionwithlaminar
boundarylayers.Seesection“Compressible-FlowMeasurements.”)As
analternativeforobtaininglaminarboundarylayersontheflatplate,
a specialattachmentwasmadefornmdifyingthenoseshape.As seen
intheaccompanyingsketch,thisservedtheearlier-mentionedpurpose

‘0seatta*at7 Tcirc-ucs

~
‘___

----- __

~ Measuringsurface
Stagmtionpoint-1 offlatplate

offixingthestagnationpointwheredesired.Withthisattachment
laminaryboundarylayerscouldbe obtainedontheflatplateat low-
subsonicMachnumbers(aboutM = 0.3).At highersubsonicMachnumbers,
however,thedisturbancecausedby thejointbetweenthenoseattachment
andtheleadingedgeoftheflatplatewassufficientto causetra~i-
tionaheadofthepointofmeasurement.Inspiteofalleffortstomake
thejointsmooth,laminarboundarylayerscouldnotbemaintained’past
theforceelement.Theonlyyaylaminarboundarylayerscouldbe
obtainedwiththisconfigurationwaswiththehelpof stabilizingpreq-
suregradientsinthedirectionof$1ow. Thefavorablepressuregradient

●
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wasproducedby alteringtheshapeofthewind-tunnelwalloppositethe
,.

flatplatewith~hehelpofa taperedhardwoodblock.Theschemeis
shownintheaccompanyingsketch.Thepressuregradientsprevailing .

I \
Tunnelceiling ~Skin friction

i
/ 7 instrument

i
—Flow+ - Hardwoodblock

Tunnel
floor

overtheflatplatewerethenmeasuredforeachMachnumberatwhichthe
skinfrictionwasmeasured.Representativepressuredistributionson
theflatplateareshowninfigure20. Theskin-frictionmeasurements
arepresentedinfigure16. As a pointof interest,theskin-friction
coefficientsarealsoshownafterapproxhmtelyallowingforthemeas-
uredpressuregradient;thesepointsareseentohe approximately
15percentabovetheBlasiuscurvefor M = O. The ~- effectcalcu-

lationwascarriedoutina mannershilartothatfortheturbulent
case.Althoughthesemeasurementscannotbe usedforcomparisonwith
thecasescomputedby theory,theyarebelievedtobe of somevalue.
Itwillbe noticedthat,inspiteofthelargedeviationfromthecon-
ditionof zeropressuregradientandthecrudemethodforallowingfor
pressure-gradienteffect,theexperimentalvaluesfollowthegeneral
trendindicatedby lsminar-boundary-layertheoryreasonablyclosely.’/

TransitionMeasurements

Duringtheattemptstoproducelaminarboundarylayersa few
measurementsof skinfrictionweremadewithtransitiontoturbulent
flowoccurringontheflatplate.Totheauthor’sknowledgedirect
measurementsoflocalskinfrictionintheregionoftransitionhave
neverbeenreported.Themeasurementspresentedherearequitequali-
tativeanddonotconclusivelydemonstrateanyresults.Thesemeasure-
mentsweremadeunderconditionsofnegligiblepressuregradientswith
theflat-plateleadingedgeadaptedforlaminarflow(seesection
“Iaminar-Boundary-LsyerMeasurements”).Schlierenobservationofthe
boundarylayershowedthatatlowMachnumbers(about0.5) theboundary
layerwaslaminarfromtheleadingedgeup to approximatelya distance

,,
.
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of1 centimeterpasttheforceelement.
wasquiteclosetothe.Blasiuscurvefor

Thecorrespondingskinfriction
incompressibleflow. ficreasing

Machnumber(andhencetheReynoldsnumber)ha~theeffectofrapidly “
increasingtheskinfrictionuntilataboutM = 0.6 themeasurements
approachedtheturbulentvalues.At thesametimetheappearanceofthe
boundarylayerintheneighborhoodofthepointofmeasurementcouldbe
seento changegraduallyfromthetypicalthin,sharplydefinedlaminar
boundarylayerto a thickerandlesssharplydefinedturbulentone.
Thesemeasurementsareshowninfigure21. A littlereflectionwill
showthattheriseinlocalskinfrictionasmeasuredby theinstrument
andindicatedby figure21 cannotbe explainedevenqualitativelyby
theconceptof steadytransitionat a criticalReynoldsnumber,even
ifoneconsiderstransitionto occurovera regionandnotata point.
Onereasonableexplanationmaybe advancedifthetransitionphenomenon
isregardedastheresultof a statisticalappearanceofturbulentspots.
~iS pOtitOfview,thatis,thatthereis no “transitionboundarylayer”
butthattheobservedtr~ition regionconsistsof intermittently
occurringlaminarandturbulentflow,wasfirstmentionedby Dryden
(reference25)andfurthersubstantiatedby Liepmann(reference26).
Theoccurrenceoftransitionfromthisviewpointhasrecentlybeeq
discussedby ProfessorH.W.EmnonsofHarvardUniversity,whorelated
theintermittenttransitionphenomenonto Charters’contaminatioriand
developedfromtherea phenomenologicaltheoryofthetransitionzone.
Turbulentspotsoccurringina randomfashionmaybe regardedtobe
alwayspresentinanytypeofflow. h fullydevelopedturbulentflow
theprobabilityapproachesunity.Withthispictureoftransitionthe
followingexplanationofthepresentmeasurementsseek tobe plausible.
When’theforce,elementisinlaminarflowtherearehardlyanyturbulent
“bursfis”intheflowand,ifthereare,thechancesof onetraveling
acrosstheelementis’exceedinglysmall.As theReynoldsnumberincreases
therateof appearanceoftheturbulentspotsaheadoftheelement
increasesrapidlyandwithitthenumberpassingovertheforceelement.
Becauseoftheconsiderablyhighershearingforcesassociated%ithtur-
bulentmotion,theinstrumentindicatesgreaterskinfriction.Itmay
bementionedthatduringthetransitionmeasurementsreportedherethe
readingsoftheinstrumentwerequitesteadyandrepeatable.Thisis
tobe expectedsince,becauseoftheinertiaoftheforceelementand
linkage,theinstrumentreadingswouldnotfollowrapidfluctuations
butindicateanaverage.

MeasurementsinSupersonicFlow(M= 1.24 to M = l.~)

Becauseof experimentaldifficultiesitwaspossibletomakemeasure-
mentsof skinfrictioninsupersonicflowonlyforthecaseofturbulent
layers.Sincelaminarboundarylayerscouldnotbe consistently
maintainedoverthemeasuringelement’,nomeasurementsof laminarskin
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frictionat supersonicspeedsarereportedhere.Theinabilityto
maintainlaminarboundarylayersovertheflatplatewasdueprincipally
to thesmald_sizeofthewindtunnelanddoesnotreflectin@y manner
ontheskin-frictioninstrument.

.

.

Eveninthecaseoftheturbulent-boundary-layermeasurementsthe
rangeof supersonicMachnumberswithattachednoseshockwaveonthe
platewaslimitedto M= 1.37 to M 2 l.kk.BelowaboutM = 1.36
a detachedbowwaveformedaheadoftheleadingedge..Theflowcon-
figurationintheneighborhoodofthenosewitha detachedshockwave
wassuchthatan expansionoccurredaroundtheleadingedgefollowed
by a compressionshock.Figure22 isa sparkschlierenofthiscon-
figuration.Thesecondcompressionshockwaveneartheleadingedge
oftheplateisduetothe0.005-inch-diameterwireusedasa tripfor
theboundarylayer.Thattherewereno suddenchangescausedinskin
frictionduetothebOw-Wavedetachmentmaybe seenfromfigure23where
theskin-frictionmeasurementsareshownint% formoftheratio cf/cfi

where cf isthelocalmeasuredskin-frictioncoefficientand cfi,the
incompressiblevalueforthesameReynoldsnumber.Someofthesubsonic
measurementsarealsoshowninthe
insupersonicflowshowninfigure
ditionsof zeropressuregradients
numberdistributionovertheplate
to suchanextentasto rend,erthe
psrisonwiththeory.Von~ 8‘s

samefigure.Duringthemeasurements
23 itwasnotpossibleto obtaincon- -r

in thedirectionofflow.TheMach
departedfromtherequtreduniformone .
resultsquiteunreliableforcom-
curveforturbulentskinfriction

incompressibleboundarylayerovera flatplateisincludedinfigure23
onlyforthesakeof interest.Althoughtheexperimentalpointslie
quiteclosetothiscurve,itcannotbe concludedthatcompressibility
lowersthelocalskin-frictioncoefficientby anamountgivenby
Von
do,
the

/Karn&n’sempiricalcurve.Theskin-frictionmeasurementspresented
however,representtheactual.surfaceshearingforcespresentunder
conditionsofmeasurement.

CONCLUDINGREMARKS

Ithasbeenshownthatan instrumentforthedirectmeasurementof
localskinfrictioncanbe successfullydevelopedif sufficientcareis
taken.

Measurementsof laminarandturbulentskin,frictionona flatpl,ate
at zeroangleof attacksndlow-speedflowgaveexcellentagreementwith
Blasius’apdVonK&m&’s skin-frictionlaws.

Measurementsofturbulentskinfrictionona flatplateinhigh-
speedflowshowedthatforsubsonicflowtheskinfrictiondidnotdepend

.
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muchonMachnumberthougha slight,expecteddecreaseofthelocal
skin-frictioncoefficientisnoticeable.

Thefewmeasurementssofarmadeinsupersonicflow(ata Mach
numberofapprox.1.4)weretakeninthepresenceofa pressuregra-
dientandhencearenotsoeasilyandreliablycomparedwiththeoryas
aretheothermeasurementsreportedhere..The.verynoticeabledecrease
inskinfrictionisbelievedtobe real. Thedeterminationofexact
quantitativevalues,however,requiresa thoroughcheckunderboth
conditions.

,

CaliforniaInstituteofTechnology
Pasadena,California,June1, 1951
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